The silicon transport in a silicongermanium melt has been studied to address the issues of melt replenishment and seed production for the Czochralski growth of silicon germanium (SiGe) crystals. The growth of SiGe single crystals by the Czochralski method requires that the melt be replenished with silicon during the growth process due to the rejection of germanium into the melt during solidication. To facilitate the replenishment of the melt, an accurate knowledge of the dissolution rate of silicon into the melt and its transport through the melt is required. To address these issues, a number of experiments have been carried out on the dissolution of silicon into a germanium melt. Liquid phase diusion growth experiments were also conducted for insight into transport and as a possible method for seed crystal production. The experiments encompassed various temperatures, crucible geometries, crucible translation, and magnetic eld levels to determine optimum conditions for the most favorable dissolution rates and mass transport in the melt. Results have shown that replenishment from bottom of the crucible is most eective due to the enhanced silicon transport by buoyancy. The application of magnetic elds may also provide an eective mean to control the replenishment rate (mass transport rate) in the melt.
Introduction
Silicon germanium (SiGe) is an emerging semiconductor material. It possesses full miscibility across its composition range allowing for adjustment of the band gap and lattice parameter [1] . Most importantly, SiGe is compatible with existing silicon technology. This allows for ease of integration into current technology. Producing bulk material is most eciently done using the Czochralski technique. However, producing compositionally uniform material requires that silicon be replenished in the melt [2] .
Czochralski grown SiGe crystals have been produced across the entire composition range. Conventional Czochralski has been used to produce graded composition material [37] . The variation in composition is due to the separation between the solidus and liquidus lines. The melt depletes in silicon as SiGe is solidied. The reduction of silicon in the melt changes the composition of the growing crystal as well as reducing the temperature at which solidication takes place. In addition to a graded composition, the growth interface can also be destabilized by the composition changes. These factors render traditional Czochralski methods impossible for quality bulk SiGe material production.
To correct the composition variation, a method to control the composition of the melt is required. These methods tend to fall into two groups, silicon re-feeding and double-crucible techniques (see Fig. 1 ). The silicon re--feeding techniques introduce additional silicon into the * corresponding author; e-mail: sdost@me.uvic.ca melt by dissolving solid silicon into the melt by a variety of methods. The simplest method is to lower silicon rods into the top surface of the melt at a rate appropriate to the depletion rate (left in Fig. 1 ). Other methods, like introducing the silicon at the bottom of the crucible, have also been proposed. In double crucible techniques, there is an inner growth crucible and an encompassing external crucible that contains reservoir material (right in Fig. 1 ). As a crystal is pulled from the inner crucible, material is transferred from the reservoir to the growth crucible to maintain the growth melt composition. The reservoir material can be introduced to the growth crucible from the bottom or the top. The relative translation rates of the inner and outer crucibles are used to control the material transfer rate.
The success of either of these techniques is tied to how they leverage the mechanisms of transport of silicon (198) through a silicongermanium melt. In order to stabilize the composition and growth interface of the growing crystal, the introduced silicon must replenish the region of the melt depleted in silicon around the growth interface at a rate equal to the depletion rate. In an ideal arrangement, a composition gradient will be present in the melt. The region of replenishment will be at a higher silicon composition than the bulk melt and the area around the growth interface will be at a lower silicon composition. The bulk of the melt, due to convection, will be a relatively stable composition somewhere between the extremes. The mixing rate of the replenishment region into the bulk is matched to the transport of silicon from the bulk into the growth interface region.
To achieve this type arrangement, the mixing in the melt must be strong enough to keep the bulk of the melt at a relatively constant composition. This means that the silicon being replenished must be quickly mixed into the entirety of the bulk. This must be balanced with the need for a stable growth interface for which melt ow should not be too strong. The mechanisms for the incorporation of silicon into the melt are very important for these techniques of growth. The orientation of the replenishment region for instance can be very important due to the strong solutal buoyancy of silicon in a germanium melt.
At the growth interface, the transport for silicon from the bulk to the growth interface is the rate-limiting step for growth and sets the required replenishment rate. For interface stability, ow velocities should be low in this region and therefore the diusion component of transport will be very important to determining appropriate growth rate.
The re-feeding of silicon into the melt has a distinct advantage in simplicity. However, there is little control of composition of the replenishment region in the melt. This can lead to unfavorable ow conditions in the melt due to the solutal buoyancy of the silicon species. The double-crucible technique is a technically more complex process, but oers the advantage of replenishment region composition control and removal of the dissolution step necessary when re-feeding silicon. Both melt replenishment techniques currently show compositional variations in grown crystals [8] .
The availability of SiGe seeds also aects the eectiveness of the Czochralski technique for bulk growth of SiGe. Most studies on the Czochralski growth use Si seeds for the entire SiGe composition range. Ge seeds are also utilized for Ge-rich SiGe [9] . It has been noted that the use of such seeds cause a high density of dislocations at the seedcrystal interface due to the lattice mismatch [10] . In addition, the grown material often features twin defects and transition to polycrystalline growth [11, 12] .
In order to address the above-mentioned issues in the Czochralski growth, we have carried out a series of dissolution experiments of silicon into germanium. The objectives of these dissolution experiments were to determine accurately the dissolution rate of silicon into germanium and also the diusion coecient of silicon in the SiGe melt. Accurate values of silicon diusion and dissolution rates are essential for accurate predictions from numerical simulations. We also aimed at determining most optimum crucible stack orientation for an ecient and uniform silicon replenishment. Experiments performed with and without the application of external magnetic elds have shown that replenishment from bottom of the crucible is most eective due to the enhanced silicon transport by buoyancy. The application of a static magnetic eld has altered the thermal characteristics of the dissolution process being not so favorable. However, the application of either a rotating magnetic eld (RMF) alone or an RMF combined with static eld provides better mixing and control of replenishment. Experiments using long capillary samples have shown similar trends.
We have also developed the liquid phase diusion (LPD) technique to produce SiGe crystals with graded silicon composition. We aimed to grow the needed seed crystals with desired silicon compositions for Cz growth. Experiments with and without the application of external magnetic elds have shown similar observations obtained in the dissolution experiments, namely, an RMF alone or combined with static eld is benecial, but the application of a static eld alone disturbs the stable growth mechanism of LPD. Experiments under a modied thermal prole (with heat sink at bottom) provide a better control for obtaining higher silicon compositions (about 20%) in the grown crystals. This implies that in our future LPD experiments under appropriate crucible translation, SiGe seed crystals at desired uniform silicon compositions can be obtained.
Novelty and signicance of the experimental results are described in detail at the end of each section.
Dissolution of silicon into germanium melt
We have rst examined the diusion mechanism of silicon in a germanium melt experimentally [13] . Experiments were specically devised to examine the eects of the orientation of crucible (eect of the gravity direction) and also free surface. The eect of gravity on silicon transport in crystal growth experiments may be signicant due to the large dierence between germanium and silicon densities. Silicon, being the lighter component, has a tendency to oat in the germanium melt. In order to determine the contribution of gravity experimentally, as explained later in detail, two congurations were considered: one with the silicon seed at top of the germanium melt, and the other one with the seed at the bottom. Two sets of experiments, with and without a free surface, were also designed to show the eect of a free surface on dissolution, namely the eect of surface tension driven Marangoni convection when a free surface exists.
Experimental procedure
The experiments were conducted in a three-zone vertical dc resistance tube furnace under isothermal condi-tions, which were maintained over the crucible length at 1100
• C. The materials were contained in a quartz crucible. The silicon used was single crystal optical grade, 5N, material. The germanium used was 6N material. The silicon and germanium were both cleaned and etched prior to loading into the crucible. The cleaning, etching and loading took place in a cleanroom environment. Once the materials were loaded, the crucible was evacuated to approximately 1 × 10 −3 Pa. The crucible was then sealed with a hydrogen torch.
The crucible, pictured in Fig. 2 , was hung in the furnace on a stainless steel rod. It was rst preheated for approximately 1 h above the hot zone at approximately 800
• C. To start the experiment, the crucible was dropped into the isothermal area of the furnace from the preheating position. It was allowed to remain there for the selected experiment time (durations of 10, 20, or 30 min were selected). At the conclusion of the experimental time, the crucible was pulled from the furnace and quickly quenched in ice-water. Fig. 2 . Crucible conguration for bottom seeded experiments. Top seeded experiments are identical except the seeds sit at top of the Ge melt. Dimensions: sample diameter is 24 mm, silicon seed height is 5 mm, and germanium melt height is 30 mm.
The samples were then sectioned axially into two bulk halves and a 2 mm thick center slice. All pieces were polished for analysis. One bulk section was dierentially etched to reveal structure. The etch used was a 4:1:1, H 2 O:H 2 O 2 :HF solution. The center slice was used for energy dispersive spectroscopy (EDS) compositional analysis.
Three dierent material arrangements were used (Fig. 3) . The dierent congurations are illustrated. The rst was a silicon seed secured at the bottom of the crucible with germanium located above. The germanium quickly melts on introduction to the 1100
• C section of the furnace and begins to dissolve the silicon. This arrangement features a free surface at the top of the germanium melt, exposed to vacuum. The second arrangement covers the free surface of the melt. A graphite cap is oated on top of the melt to prevent Marangoni convection. The nal arrangement was the silicon seed oating on top of the germanium melt. In this case the silicon seed covers the melt free surface. This arrangement is similar to the crucible stacking used in the liquid phase diusion (LPD) growth system for SiGe used in Ref. [14] . Initial trial experiments were conducted with the seed secured at the bottom of the system to gauge dissolution rate. These experiments were conducted to determine the appropriate time durations for the study, and as a result, the experiment times of 10, 20, and 30 min were chosen.
The quenching in ice water was performed to maintain the concentration prole developed during the experiment. The fast transition to solid should capture the concentration prole and not allow further diusion. A scanning electron microscope (SEM) equipped with an EDAX EDS detector was used for determining the concentration prole in the quenched material. The quenching process was very hard on the material resulting in many fractures. To maintain the relative spatial location of all points in the melt, the fractured pieces were joined back into position with epoxy.
Results and discussion
The experiments with the silicon seed on the bottom with the top of the melt a free surface exhibited a high dissolution rate. In these experiments, the dissolution height was in the 2 to 3 mm range. The time evolution of the dissolution showed a decaying increase trend as seen in Fig. 4 . This is likely due to the melt approaching its saturation point. As the melt becomes saturated, it loses its ability to dissolve more silicon, which slows dissolution. This time evolution trend was also observed in the experiments with the same conguration but with the free surface covered (no free surface). By comparing the dissolution heights of these two experiment congurations, a clear trend is visible. The experiments conducted with a free surface on top of the melt dissolved more silicon than the experiments with a graphite cap on top of the melt. This clearly shows the contribution of the Marangoni convection to the silicon transport. The experiments were conducted under isothermal conditions; therefore radial temperature gradients were minimized. Concentration gradients across the free surface will be present and contribute to the Marangoni convection. The magnitudes of these gradients are unclear from the compositional measurements. Given the tendency of silicon to build up at the free surface due to its buoyancy in the germanium, it would be expected that the concentration gradients would be quite low. In the experimental setups used here the area of the free surface is relatively small when compared to the volume of the melt. The surface area is approximately 380 mm 2 and the volume 9500 mm 3 . It is likely that the eect of surface tension would become magnied as this ratio is adjusted to higher surface area. This could be signicant in crystal growth systems using large melts such as Czochralski. The contribution of free surface convection to mixing is substantial enough to warrant attention when considering SiGe growth systems.
The dissolution interface exhibits signs of being unstable when it is at the bottom of the melt. This is very apparent in the 30 min samples. These samples show a very wavy interface. This is likely due to strong solutal convection along the interface, showing the strong eect of gravity. Such an interface can lead to the formation of unstable ow structures in the melt. In Fig. 5 , the boundary layer at the interface is visible under 10× magnication on the dierentially etched samples. It shows consistent thickness for all experimental setups and time steps, including the oating silicon seed conguration. The energy dispersive spectroscopy (EDS) measurements performed on both the samples with and without a free surface showed very similar results. The experimental measurements scattered notably. The results from the three experiments conducted with the free surface are plotted in Fig. 6 . This could be due to either the quenching process or the high rate of dissolution and mixing. The time frame for the melt composition to become homogenized and stable may simply be longer than the 30 min time duration examined. The quenching process should be quick enough to avoid macroscopic segregation, but microscopic segregation will have occurred. To mitigate this, a large frame size, 450 µm by 450 µm, was used for the EDS sampling. A trend that did emerge is a drop in silicon concentration through the middle of the melt. This was present in the proles run down the centerline of the samples and at a 6 mm oset.
The LPD process, utilized in previous work [14] , considers the silicon dissolution from the top of the melt (similar to setup C in Fig. 3 ). In this apparatus, a silicon source approximately 2 mm thick will last the duration of the experiment. A typical LPD experiment will last around 5 days. In the bottom seeded experiments, it takes just over 10 min to dissolve 2 mm of silicon. This indicates the strong eect of gravity on the dissolution mechanism. This stems for the high density dierence between silicon and germanium. Silicon is substantially less dense than germanium and is therefore buoyant in the melt. With the dissolution interface at the top, the buoyancy of the silicon counteracts its transport downwards into the melt. This phenomenon reduces the contribution of convective ow and causes the transport to become diusion dominated. Growth therefore proceeds at slow rates. This was tested in a set of experiments with the seed at the top of the melt (setup C in Fig. 3 ).
The dedicated oating seed experiments used the same periods of time as the other experiments to allow for comparison. The dissolution height was in the 0.5 to 1 mm range, substantially less than the other conguration. In addition, the amount dissolved through time increases approximately linearly. This is shown in Fig. 7 . It does not show the decay behavior indicated in the other experiments. The much lower dissolution rate is delaying the onset of melt saturation. The dissolution interface shows a at prole. It does not show any of the instability present in the other experiments. The information in Fig. 7 may provide insight into the actual diusion rate under no gravity. This value will be somewhere between the values of no free surface (setup B) and oating seed (setup C). The penetration of silicon from the dissolution interface into the melt can be easily seen on the dierentially etched samples. The area where silicon is present is characterized by a ne needle-like crystal structure. Areas of germanium are indicated by large grains of varying color. Figure 8 shows the transport of silicon into the melt in the samples of 10, 20, and 30 min. In the 10 min sample there is very little, while in the 30 min sample the needle structure covers half the sample. The lines on the photos show the upper extent of the needle structure. When considering growth systems for SiGe, the separation between the liquidus and solidus lines is of prime concern. Growing this material from the melt often utilizes melt replenishment techniques. In these cases, more silicon is introduced into the melt to prevent it from becoming germanium rich. As this addition is localized in the melt, it must be transported quickly to the growth interface to be eective. When considering where to add the replenishment material, it is necessary to consider the buoyant eect of the silicon. The silicon should be introduced in such a way as to utilize the buoyant eect to allow for the fastest possible silicon transport. Re-plenishing the melt from above, as is often the case, may result in slow transport of the silicon to other areas of the melt.
The LPD growth process mentioned earlier has been successful at producing single crystal materials. One of disadvantages of the system is that it is driven by diusion only. This makes growth very slow. In the vertical arrangement, the diusion process is additionally slowed by the buoyant silicon. It is possible that the growth rate could be improved on by using the silicon buoyancy to aid diusion.
Remarks
The results clearly indicate a much higher level of mixing in the bottom-seeded samples. The wide scatter in the compositional measurements would seem to show the eects of macrosegregation due to the wide spacing of the solidus and liquidus lines. While the free surface produced only a small change in the dissolved height of the silicon seed, it did show a trend to increased dissolution at all experiment times. The experimental time frames were sucient to see the slow down of dissolution as the melt begins to reach saturation. Instability of the interface due to the high convective ows is evident in the bottom-seeded samples.
The change from bottom seeded to top seeded, eectively changing the direction of gravity, drastically altered the rate of silicon transport. The top seeded experiments proceeded diusion like when compared with the high convection evident in the bottom-seeded samples. The much slower transport should raise questions about the eectiveness of replenishing the melt in Czochralski from above. A more ecient way may be introducing the silicon at the bottom beneath the growth interface. This could quickly raise silicon concentration at the growth interface. With the growth interface at the top of the melt, it should be less subject to compositional uctuations, as the silicon will tend to oat on top of the melt. The drawback will be a strong ow eld due to the strong solutal buoyancy. These strong currents could destabilize the growth interface.
The LPD growth process may be aided by a geometry change to utilize the buoyancy eect of the silicon [14] . The faster transport would drastically increase growth rate. It is possible that the strong natural convection ows could be controlled through a static magnetic eld. This could allow stable growth to proceed. Other similar solution techniques like travelling heater method (THM) could also potentially benet from a geometry reevaluation [15] . 3 . Eect of a static magnetic eld on the dissolution process
As described in the previous section, the buoyancy of the silicon in the melt was found to have profound consequences on the dissolution rate and mixing of silicon into the germanium. The questions then were (a) whether the convection in the melt was enhancing or reducing the dissolution of silicon in this system, and (b) whether stable growth can be achieved under an applied static magnetic eld (under altered convection conditions in the melt). In order to address these questions, a vertical static magnetic eld was applied during the experiments in this study to observe the dissolution and mixing processes of silicon in the germanium melt.
Experimental procedure
The experimental procedure was the same as described in Sect. 2. The experimental setup was kept identical in order to properly compare results. This time the furnace was placed inside the bore of 1.25 T superconducting magnet. The vertical magnetic eld chosen for these experiments was 0.8 T. This eld strength was chosen based upon previous numerical work using the magnetic eld to suppress convection [16, 17] , and was considered sucient to provide the required suppression in the Ge melt. The crucible, when in the 1100
• C section of the furnace, is located in the most uniform section of the eld. The magnetic eld was kept on during the entire experimental process.
The crucible setups (A) and (B) are used. The basic setup is a silicon seed secured at the bottom of the crucible with the germanium located above. The germanium quickly melts on introduction to the 1100
• C section of the furnace and begins to dissolve the silicon. The rst arrangement features a free surface at the top of the germanium melt, exposed to vacuum. The second arrangement covers the free surface of the melt by means of a graphite cap oating on top of the melt, to eliminate the eect of free surface on the ow structure of the melt.
Results and discussions
The measured dissolution heights in the samples are shown in Fig. 9 . As seen, the comparison of the samples with the free surface to the samples with the surface covered shows that the dissolution heights are higher in the samples with the presence of a free surface, which is the same trend observed in the experiments conducted under no magnetic eld [13] . This means that the application of a static magnetic eld in this experimental system did not have a signicant eect (within the limit of measurement errors) on the contribution of free surface to the dissolution process. As we will discuss it later in detail, one may think that the ow structure of the melt in both cases are altered signicantly in the presence of magnetic eld, leading to higher dissolution heights in both cases. The eect of magnetic eld on the ow structure in the melt (both the gravity-and surface tension-driven convective ows), and the relative contributions of these ows to the dissolution process can only be determined through a full uid ow analysis including thermal and solutal eects [18, 19] .
Comparing the experiments conducted under magnetic eld to those with no applied eld, one can see that there is a trend to higher dissolution with the application of Fig. 9 . The dissolved height of silicon versus experiment time (on left). The experiments without magnetic eld presented here were performed under the identical conditions of Ref. [13] other than the applied magnetic eld. The trend to higher silicon dissolution in the presence of the magnetic eld is clearly visible. (a) A schematic representation of ow cells in the melt: (a1) under the eect of magnetic eld, and (a2) in the absence of magnetic eld. hB and h0 describe symbolically the dissolution heights in (a1) and (a2), respectively. the magnetic eld, as illustrated in Fig. 9a . In other words, the application of a static magnetic eld (under the altered convection condition in the melt) enhanced the dissolution of silicon into the melt in both setups.
This result can be explained in setup B as follows. As mentioned earlier, the dissolution experiment was initiated by lowering the crucible from 800
• C to the region of 1100
• C in the furnace. As seen from the thermal analysis [20] , the outer region of the melt remains hotter than the inside until the melt reaches a thermal steady--state. Therefore, it is estimated intuitively that the thermal characteristic of the present system (melt being hotter near the crucible vertical wall) leads to a convective ow in the melt with two convection cells (symbolic representation of natural convection) circulating upward along the wall and downward in the centre (just opposite to what was observed in the LPD growth of SiGe in [14, 16, 17] ), as shown schematically in Fig. 9b . These convection cells slow the dissolution of the silicon into the melt by remixing dissolved silicon towards the dissolution interface reducing the concentration gradient. This causes the observed lower dissolution height.
The application of the magnetic eld changes the ow structure and prohibits the formation of large convection cells in the melt (Fig. 9b) . This reduces mixing of the silicon into the germanium. As a result, the buoyancy of the silicon in the germanium melt transports it quickly away from the interface and it tends to build up at the top of the melt. Without the applied magnetic eld, strong convection cells would remix this silicon from the top of the melt back into the body of the melt and towards the dissolution interface. Considering the concentration gradient around the interface, a higher gradient will naturally lead to a higher rate of dissolution. The remixing of silicon back towards the interface will slow dissolution by reducing the concentration gradient at the interface. Application of the static magnetic eld in this system prevents the remixing and leads to higher dissolution rates.
One can also make similar statements for setup A since the same trend in dissolution of silicon into the melt was observed. This indicates that the altered ow structure in the melt under the applied magnetic eld is responsible for the higher dissolution heights in this system. However, it is not possible to make
where l 0 is the solution height, ν the kinematic viscosity, g the gravitational constant, and β T and β c represent the thermal and solutal expansion coecients, respectively. The silicon concentration in the melt has become inhomogeneous due to the altered ow structure under the magnetic eld. This eect can be seen macroscopically in the quenched material (Fig. 10) . Areas where silicon is present in the germanium melt are characterized by a ne needle-like structure. This structure is prominent close to the interface and near the top and sides of the melt. However, the center region of the melt shows a noticeable reduction of this structure (Fig. 10a) . This would seem to indicate a lower concentration of silicon in the center region. The composition proles, as measured with EDS, support the trend of a lower silicon concentration in the center of the melt [20] .
In the experiments conducted without the applied magnetic eld, the dissolution interface showed evidence of ow instability. This was indicated by a wavy dissolution interface. Application of the magnetic eld should reduce the radial ow in the melt and therefore reduce ow instability along the interface. With application of the magnetic eld, the interface did show greatly reduced signs of instability. This result is shown in Fig. 11 .
While the interface shows signs of improved stability, the concentration proles obtained from the EDS results continued to show a high degree of scatter [20] . This scatter was also present in the samples without the applied eld. The cause of the scatter is not denite. Segregation of the silicon from the germanium during the quenching process is a likely candidate. It may also be that the melt has not had a chance to homogenize given the relatively short duration of the experiments.
Remarks
The experimental results of the present setups show that the silicon dissolution was enhanced under an applied magnetic eld. This observation can be attributed to the altered ow structure in the melt. The result indicates that the convection in the germanium melt without the application of magnetic eld [13] was reducing the dissolution rate of silicon. One may then conclude that the benet (or eectiveness) of an applied magnetic eld in a system is related to the ow characteristics of the melt. By comparing these results to previous work carried out without magnetic eld, we observe that the change in the dissolution behavior of the silicon is obvious, and although the application of magnetic eld leads to a more stable dissolution interface, it may still not be sucient to make the interface as stable as the one when the silicon source is at the top. The inuence of the free surface on mixing remained unchanged with the application of the magnetic eld. There is a trend to higher dissolution rates with the presence of a free surface on the melt.
Diusion limited silicon dissolution into germanium melt
In previous sections, we have shown that dissolution has been inuenced by ow structure in the germanium melt [13] . The dissolving silicon stabilizes the melt against convection in the conguration where silicon is dissolving into the melt from above (setup C in Fig. 3 ). This is due to the lighter silicon reducing the density of the melt as the silicon concentration increases. This helps to weaken any convective ow structure. However, we have seen that the weak ow structure present still has an inuence on dissolution. In order to explore the diusion behavior of silicon in the melt, we have reduced the diameter of the crucibles to 8 mm in order to further weaken the ow structure in the melt [21] .
Experimental procedure
The experimental setup was the same as before. An isotherm was maintained over the crucible length at temperatures of 1000
• C, or 1100
• C. The isotherm is maintained within 3 degrees axially and 1 degree radially. The ampoule was rst preheated for approximately 1 h above the hot zone at approximately 800
• C, i.e. below the melting point of Ge. This quickens the time to melt the sample and begin dissolution into the melt. To start the experiment, the crucible was dropped into the isothermal area of the furnace from the preheating position. It was allowed to remain there for the experiment time, 60 min. At the conclusion of this time, the crucible was pulled from the furnace and allowed to cool in air. The samples were then sectioned into half. One section was dierentially etched to reveal structure. Two dierent material arrangements were used again (B) and (C). Setup C was used for the majority of experiments. For comparison, two samples were processed at 1050
• C with the silicon source at the bottom of the crucible B.
Results and discussion
The samples processed with the silicon dissolving from the top all exhibited almost the same level of dissolution over the temperatures used. A dissolution height of around 0.5 mm was measured across all samples processed as seen in Fig. 12 . This implies that the temperature dependence of the dissolution rate and consequently the diusion coecient is not overly signicant in this range of temperatures. It would appear from results that there is a temperature dependence but it is not resolvable with this experimental setup. The length of experiments Fig. 12 . Plot of dissolution height of processed samples versus temperature. The lack of dierential between temperatures with respect to error is apparent.
was one hour. It is possible that a longer experiment time could allow the dependence to be better resolved.
In previous sections, these types of experiments were conducted in a 25 mm diameter crucible and were run for shorter periods of time and only at 1100
• C. In those experiments, the dissolution height was up to 1 mm. This highlights the increased mixing present in the melt with the larger diameter due to the contribution of stronger convection in the melt [20] . The decreased diameter crucibles used in the current experiment work do help to weaken convection in the melt. Experiments on 4 mm and 2 mm diameter crucibles were performed with little success as surface tension often prevented the silicon from fully wetting with the melt and voids formed separating the melt into segments. The crucible would require modication so pressure could be exerted to ensure proper wetting between all elements.
Numerical modelling did not show signicant change in ow structure between the 8 mm and smaller diameter crucibles. As seen in Fig. 13 , the composition proles after the one hour experiment time are virtually identical. The ow structure was computed with the eects of solutal buoyancy and similar weak ow is present in both crucibles. All numerical work was completed using the commercial ANSYS CFX package.
The samples processed with the silicon at the bottom of the melt exhibited a drastically dierent result. In the cases of a 10 and 30 min experiment times, the silicon source material is completely dissolved. This is dissolution of 5 mm of silicon. No silicon is visible in the sample with the silicon dissolving from the bottom while most of the seed remains when the silicon is dissolving from the top [21] . This is dramatically faster transport than what was seen in the opposite orientation of the dissolution interface. This highlights the signicant eect of gravity (convection) on the dissolution process.
In experiments with growth crucible size ampoules (setups A, B, and C), a dierence in transport rates between orientations was observed similar to that seen here but not as dramatic. A key dierence in this set of experi- ments is that the ratio of germanium to silicon was increased. Therefore from the previous work, the dissolution of silicon from the bottom of the melt was limited by the saturation of the germanium melt with silicon. The rate at which silicon dissolves in this conguration seems limited only by the saturation level of the melt. Enough silicon is used in the experiment to fully saturate the melt. The approximate composition of the melt at saturation at 1000
• C is 18% silicon by mole. As the melt approaches this threshold, the transport away from the dissolution interface will slow and therefore the dissolution rate will slow.
The longer column of germanium was used so that useful composition information could be later extracted to directly estimate the diusion coecient. However, due to the low concentration of silicon present in the melt there is signicant expansion of the melt during solidication. The presence of silicon in the melt reduces the amount the melt expands on solidication. Due to this expansion during quenching, the melt column is signicantly disturbed by cracking and leaking. This, unfortunately, makes it impossible to reliably correlate the position in the column to a composition. The use of shear cell would seem necessary to extract this type of information accurately.
Remarks
Dissolving silicon into a germanium melt in an 8 mm crucible resulted in a more diusion-dominated process than previously observed. However, we were unable to observe any temperature dependence of the dissolution height. This indicates that the dissolution rate and therefore the diusion coecient are not signicantly aected by temperature over the range of temperatures examined here. In addition, it was noted that the ow structure with the silicon dissolving from the bottom is extremely strong leading to extremely fast dissolution when compared to the opposite orientation.
Silicon transport under rotating and combined magnetic elds in liquid phase diusion growth of SiGe seed crystals
As mentioned in earlier sections, the production of bulk SiGe single crystals by Czochralski requires seed crystals of desired compositions. To address this issue we have utilized a solution growth technique called LPD, and grown SiGe seed single crystals from the germanium side with varying silicon compositions up to 16% (for detail, see [14, 16, 17, 2226] ). In this section, we want to examine the eects of applied magnetic elds on silicon transport in the SiGe growth melt.
LPD at its stationary mode produces graded bulk SiGe crystals with varying silicon composition along the growth direction, from which wafers with desired silicon composition can be extracted to be used as seeds for the Czochralski growth and also for subsequent growth with uniform crystal composition by other solution growth methods [14, 16] . The LPD system can also be used as a single process to produce SiGe crystal with uniform axial silicon composition. Once the desired silicon composition is achieved at the stationary mode, at that time the LPD crucible (or the heater) can be translated at a speed matching the mass transport rate of silicon in the melt to produce single crystal SiGe with uniform Si composition for the rest of the growth cycle [22] .
In the LPD growth ampoule, a Ge single crystal seed is placed at the bottom, polycrystalline Ge in the middle, and a Si source at the top. A temperature prole (with temperature gradient) is applied along the crucible such that the Ge seed at the bottom remains solid (allowing for some melt back for a successful start), Ge in the middle melts completely (forming the initial solvent or melt), and the Si source at the top remains solid. The SiGe dissolution interface at the top of the melt is at a higher temperature than the melting point of Ge, and the growth interface (the interface between the Ge-seed and the Ge-rich melt) at the bottom is kept initially at the melting temperature of Ge. Under the eect of the applied temperature prole, according to the SiGe phase diagram, the silicon source dissolves at the hotter dissolution interface into the Ge-melt. The dissolution of Si into Ge creates a concentration gradient across the melt. Diffusion transports Si from high to low concentration and will result in supersaturation of the melt with Si near the growth interface. The supersaturated mixture of SiGe is then precipitated on the seed at a composition in accordance to the solidus line at the temperature around the growth interface. This LPD setup is illustrated in Fig. 14 .
In the melt, the dissolving lighter Si species diuses into the heavier Ge-rich melt and sets a concentration gradient of Si through the melt with a decreasing axial silicon concentration towards the growth interface. This concentration gradient makes the melt buoyantly stable against natural convection and minimizes the eect of natural convection during growth. Convection is strong only near the growth interface during the initial period of growth, but remains weak during the entire LPD process leading to an almost diusion-dominated but slow growth [14] . However, uniform silicon transport across the melt is essential for radially uniform silicon composition. Our previous numerical simulations (based on the furnace of [14] ) have suggested that applied magnetic elds may lead to more uniform silicon transport across the melt, and consequently a atter growth interface [16, 17] . In order to examine the eect of applied magnetic elds, we previously performed a set of LPD experiments under an applied vertical static magnetic eld [25] . These experiments did not produce the expected improvements; instead, led to signicantly reduced silicon transport in the melt. The applied eld also disrupted the thermal eld of the system to the extent that there was no single crystal growth. The conclusion was that under the experimental conditions (at the 0.4 T eld level) used, the application of a static vertical magnetic eld alone was not so benecial in this LPD system.
In order to enhance silicon transport for faster growth, the addition of a rotating eld to induce controlled mixing was proposed. In order to investigate this, we have performed LPD experiments under rotating and combined rotating/static magnetic elds using a three-zone dc furnace system. A series of LPD experiments were performed under the inuence of a 5 mT rotating magnetic eld at 40 Hz, and also under a combined magnetic eld (at a 5 mT rotating magnetic eld at 40 Hz, and a 0.4 T static vertical eld). The examination of processed samples show that in both cases silicon transport is enhanced across the melt. The applied rotating magnetic eld also seems to lead to atter growth interface.
Experimental setup and procedure
LPD experiments were conducted using a three-zone dc furnace with a 63 mm outer diameter bore. The LPD furnace was placed inside the bore of a superconducting magnet (is of a 330 mm bore diameter and generates a vertical static eld) such that the crucible vertical axis was aligned with the magnetic eld. A six--pole electromagnet array (the rotating magnetic eld generator jacket) is placed around the furnace inside the static magnet bore such that it is aligned horizontally with the molten zone in the crucible ampoule. This array generated the 5 mT eld rotating at 40 Hz during the LPD growth. During the experiments under only rotating eld, the static magnet was kept o. A 0.4 T static eld was put on for two of the LPD experiments conducted with rotating eld (to generate the combined eld).
The LPD system is under vacuum in a sealed quartz ampoule at a pressure of 1 MPa. The crucible is placed in a temperature gradient of 25 K/cm. The crucible is 25 mm in diameter and is loaded with a 10 mm thick single crystal Ge seed, 30 mm block of polycrystalline Ge, and a 5 mm thick single crystal Si source. The crucible is positioned, when the magnetic elds were o, such that the seed is partially melted back when the nal temperature prole is reached. The experiments were kept under this applied temperature prole for 72 h (the arrangements are shown in Figs. 14 and 15) . Fig. 15 . Schematic of LPD system with the magnetic eld generators. The furnace and rotating magnetic eld coils are both placed inside the bore of the superconducting magnet used to generate the static eld. Dimensions of the systems were given in the text.
A eld strength of 5 mT at 40 Hz was selected based on the results of earlier numerical simulations [17] . Two experiments were conducted with the rotating magnetic eld only (static eld was o), and two experiments were conducted under combined elds (with the 0.4 T magnetic eld applied in addition to the rotating magnetic eld). In order to be able to compare the experimental results and to see the eects of applied magnetic elds, the present experiments were conducted under the same conditions (i.e., applied temperature prole, the location of the growth ampoule, and the material stack in the ampoule were kept the same) and in an identical manner to those conducted previously with no eld and under static eld only [25] .
Silicon composition of the samples (that were sectioned and polished) was determined by EDS analysis. A second section was also dierentially etched to show the crystal structure. EDS analysis was performed on a Hitachi SEM equipped with a Oxford EDS system.
Results and discussion
In the samples processed under the RMF alone, there is some seed crystal remaining at the bottom of the melt, but it did fully melt back in the center. The single crystal growth from the edges of the crucible preferentially grew, inhibiting the polycrystalline growth started in the middle of the melt. This can be seen as the triangle of polycrystalline structure at the bottom of the ingot. The two areas of single crystal on either side come from the remaining seed crystal. The limit of growth is identied by a clearly notable striation in the crystal, and the material above this point is the frozen melt during cooling (freezing post experiment). The structure of the frozen melt section is consistent with that of previous experiments [25, 26] .
The concentration of the samples processed under the RMF show enhanced silicon transport when compared with the samples processed with no eld. The increased mixing under RMF has elevated the transport in a consistent manner. The concentration prole maintains the same shape, but shifts the prole upwards to higher silicon concentration for a given distance into the melt. This can be seen in Fig. 16 . The radial concentration proles of the RMF samples maintain the relatively at prole of the baseline samples [26] . The radial concentration prole is not aected signicantly by the rotating magnetic eld although it leads to slightly more uniform radial compositions compared with those with no eld.
From the samples processed under the combined magnetic eld, we see that the application of combined elds has changed the thermal eld of the system dramatically. This change in the thermal eld melted back the seed completely. It appears that the growth was initiated by self-seeding on the bottom of the crucible resulting in a ne-grained structure. This is supported by the concentration proles which show a slight upturn in concentration where growth begins, as seen in Fig. 17 . This is indicative of over-saturation of the melt due to lack of nucleation site. The combined eld exhibits a very similar concentration prole to that of the rotating eld. It does not however bear any similarity to the concentration prole of the experiments under the static eld alone, which are presented together in Fig. 18 for comparison. Comparison of results presented in Fig. 18 may lead to the following conclusions. The present LPD system is mostly stabilized against natural convection by the buoyancy of the silicon in the heavier Ge melt. This weak convection is further suppressed with the application of the static eld alone, and the silicon transport in the melt is reduced signicantly.
The application of a rotating magnetic eld alone, on the other hand, enhances silicon transport by introducing additional mixing into the melt. This additional mixing induced by the rotating magnetic eld slightly increases silicon transport in the LPD system. However, when the static magnetic eld is put on together with the rotating eld, the eect of RMF is further enhanced since the static eld suppresses further the week natural convection in the melt. This is evidenced from the increased transport in the samples processed under the combined eld over the samples processed with the rotating eld alone.
In most systems the application of combined magnetic elds may provide the most benet by combining the effects of suppression of convection caused by the applied static eld and the additional mixing provided by the rotating eld. However, in the present LPD growth system, where natural convection is weak in the melt, it appears that the application of RMF alone oers the most benet in terms of silicon transport and composition uniformity.
Having said that it would still be benecial to study the eect of combined rotating/static magnetic eld (at various eld intensity and frequency levels) in LPD by determining the required applied temperature prole and the crucible location under the elds for a successful single crystal growth. This will require signicant thermal proling using dummy systems under various eld levels. We hope to do this in the future.
Remarks
The LPD growth system examined here showed increased silicon transport with the application of a rotating magnetic eld. Although this eect was slightly enhanced when a static eld was applied at the same time, a complete melt back of the seeds occurred leading to a complete polycrystalline growth. It appears that the application of RMF alone is most benecial in the LPD system used here. The enhanced silicon transport under RMF could lead to higher growth rates in LPD.
LPD growth with modied thermal prole
Using exactly the same LPD experimental setup (shown in Figs. 2 and 3) , we have conducted LPD growth experiments with a modied thermal eld. Schematic of the growth ampoule is shown in Fig. 19 . The modied thermal prole in the crucible was envisioned as a method of controlling the growth interface shape. However, the resultant material from these experiments showed that the thermal prole was modied such that much higher than usual Si compositions were reached with the LPD process.
The thermal eld was modied by inserting a graphite block underneath the seed crystal. The shape of the block was such that heat extraction from the centre of the growth interface was encouraged. The addition of the graphite had the eect of increasing the overall temperature in the system allowing the LPD process to produce SiGe with higher than usual Si compositions.
Results and discussion
The samples processed with the heat sink in place produced dramatically dierent results from what has been seen in other experiments. The samples are shown in Fig. 20 . The change is likely attributable to a signicant rise in the temperature at the bottom of the crucible. The silicon source is completely dissolved in one sample and almost totally consumed in the other. This indicates a substantial increase in the transport in the system. The other notable change is that sample is divided into a top and bottom section by a distinct abrupt colour change in the material. Near the bottom of the crucible the material is a dark polycrystalline material. At the top near the dissolution interface, the material is much lighter in colour and shows evidence of macro-segregation of silicon in the form of needle-like crystals. The EDS composition proles support the observations from the samples. The EDS data is plotted in Fig. 21 . In the region near the bottom of the crucible, the silicon composition is much higher than that observed in any other LPD experiment. The prole rises in silicon concentration from this point to the discontinuity line noted in the etched samples. There is a slight turn up in composition around the bottom of the crucible. This is indicative of self-seeding on the bottom of the crucible due to a lack of seed material. The upturn is due to additional constitutional super-cooling needed to trigger a nucleation process. On the other side of the discontinuity, the melt composition drops to a much lower silicon concentration. The measurements are scattered in this region of the melt due to the segregation. However, there is a rising trend in the silicon composition towards the dissolution interface. Fig. 21 . EDS composition proles.
The observed prole can be explained as follows. The discontinuity line would seem to indicate that this was the point that growth had reached when the cooling of the furnace was begun at the end of the 72 h experiment time. The segregation in the solid above the discontinuity is indicative of a quenched melt.
The high silicon region of the material below the discontinuity is considered to have been solidied during the experiment time by the same mechanism as LPD growth. The melt in front of the growth interface is constitutionally super-cooled by transported silicon and solidication takes place on the growth interface. Using the SiGe phase diagram, the liquidus composition values can be calculated for the observed solidied material composition. This indicates the required silicon concentration in the melt for solidication to occur by constitutional super--cooling. Due to the large separation between solidus and liquidus in the SiGe phase diagram, these values are much lower than the solid composition values.
The calculated liquidus composition proles for the solidied material match the calculated diusion prole quite well. This is shown in Fig. 22 . This indicates that the growth could have been driven by a diusion--dominated process. The high degree of germanium rejection back into the melt will drive high concentration gradients in the growth interface boundary layer. This should speed transport of silicon from the bulk melt to the interface, allowing growth to proceed quickly. This is additionally helped by lower axial temperature gradients in the melt. The reduced gradient is expected due to the introduced heat from the graphite and it is evidenced from the shallow slope of the liquidus compositions. The atness of the axial temperature gradient means the saturation composition of the melt increases less quickly as growth proceeds. The primary eect limiting growth rate would seem to be the germanium segregated at the growth interface. These factors could allow the growth to proceed faster than seen in other experiments.
The total dissolved silicon incorporated in the solid during the experiment time can be estimated by integrating the composition prole using the discontinuity as the upper bound. Using this method, both samples show similar amounts of incorporated silicon, approximately 4.5 g. This weight is a lower bound on the amount of silicon that must be dissolved during the growth period. The silicon sources used in the experiments weigh approximately 5.7 g. By integrating the calculated diusion model's compositional prole, the total dissolved silicon in the melt is found to be 3.85 g. Based on this model, the majority of the silicon dissolution occurs during the beginning of the growth process. Given the small dierence between the calculated weight of silicon in the grown material and the total weight of the source material, it is possible that growth may have proceeded further if more silicon was available for dissolution. In one of the samples, the silicon source did completely dissolve. In the other, the size of the source was greatly reduced. As the source material dissolves, the surface area in contact with the melt will eventually decrease, limiting the dissolution rate.
Remarks
Once growth is initiated, the majority of the required silicon to produce the observed concentration prole is dissolved in the melt. This will aid in a fast growth rate once growth begins. The dissolution rate can be significantly slower after the initiation of growth and the observed prole achieved. If the dissolution rate does not keep up with the rate of silicon incorporation into the growing solid, the melt will slowly become dilute in silicon and the growth rate will slow. The melt becoming dilute by such a mechanism is likely the cause for the low silicon concentration region observed in the samples. The discontinuity observed between the regions was originally stated as to have been induced by the cooling of the furnace. It is also possible that this was simply the point where the melt became too dilute in silicon to support any further growth.
These experiments show that the LPD technique could be extended to much higher silicon concentrations than those that have been currently produced. Despite the high segregation of silicon, the growth proceeds in a similar manner to previous experiments. The issue of seeds for growth at higher compositions could be overcome by utilizing successive LPD experiments, increasing the temperature between runs. The rst run could produce material high enough in composition to be used as seed material for the next run. Higher concentrations could also be achieved with a longer melt zone. In that case, a pure germanium seed could be used. The growth time would have to be extended to allow the silicon to diuse across the greater distance between the dissolution and growth interfaces. It is predicted that this approach would signicantly slow the growth rate at the start of the process, potentially making the technique infeasible.
Conclusions
Experimental work on the nature of silicon dissolution and transport in a silicongermanium melt has been conducted for the aim of rening approaches to melt growth seed production and melt replenishment techniques. Experiments performed with and without the application of external magnetic elds have shown that replenishment from bottom of the crucible is most eective due to the enhanced silicon transport by buoyancy. The application of a static magnetic eld has altered the thermal characteristics of the dissolution process being not so favorable. However, the application of either a RMF alone or an RMF combined with static eld provides better mixing and control of replenishment. Experiments using long capillary samples have shown similar trends.
The LPD technique was also explored as a method of producing seed material and for insight into transport. Experiments with and without the application of external magnetic elds have shown similar observations obtained in the dissolution experiments, namely, an RFM alone or combined with static eld is benecial, but the application of a static eld alone disturbs the stable growth mechanism of LPD. Experiments under a modied thermal prole (with heat sink at bottom) provide a better control for obtaining higher silicon compositions (about 20%) in the grown crystals. This implies that in our future LPD experiments under appropriate crucible translation, SiGe seed crystals at desired uniform silicon compositions can be obtained.
